Abbreviations
=============

mAb

:   monoclonal antibody

Hla

:   α-hemolysin

LukSF

:   leukocidin SF

HlgAB and HlgCB

:   gamma-hemolysins

LukED

:   leukocidin ED

PMN

:   polymorphonuclear cells

RBC

:   red blood cell

IC~50~

:   inhibitory concentration

EC~50~

:   effective concentration

BLI

:   biolayer interferometry

Introduction {#s0001}
============

*Staphylococcus aureus* is the most common cause of healthcare-associated infections associated with high mortality among patients who develop pneumonia or sepsis. The spread of antibiotic resistant clones (hospital and community associated methicillin-resistant *S. aureus*; HA- and CA-MRSA) is an additional concern, emphasizing the need for novel therapeutic approaches.[@cit0001] Several attempts have been made to induce protective immunity by vaccination or passive immunization against *S. aureus* infections. All these approaches aimed at enhancing opsonophagocytic uptake and killing by phagocytic cells, and all have fallen short of demonstrating efficacy in the clinic.[@cit0002]

An increased understanding of the major contribution of cytotoxins to the pathogenesis of *S. aureus* infections has led to new immune approaches.[@cit0004] Alpha-hemolysin (Hla), a major virulence factor that damages several types of human cells, has shown promise as a vaccine antigen and monoclonal antibody (mAb) target in animal models of *S. aureus* disease.[@cit0006] Hla is currently being evaluated in human trials in both active and passive immunization settings.

Members of the bi-component cytotoxin family, gamma-hemolysins (HlgAB and HlgCB), Panton-Valentine Leukocidin (PVL or LukSF), LukED and LukGH (also known as LukAB) can lyse and activate human phagocytic cells and are therefore implicated to play a role in evasion of the innate immune response, a hallmark of *S. aureus* pathogenesis.[@cit0012] In addition, HlgAB is a potent toxin for human red blood cells[@cit0012] and LukED has recently been reported to target human T cells.[@cit0016] PVL/LukSF and LukGH are species specific and have very low or no lytic activity toward murine cells.[@cit0005]

The vast majority of *S. aureus* clinical isolates express Hla, HlgABC, and LukGH, and approximately 50--75% of them also carry LukED. The LukSF/PVL gene, encoded by prophages, is present in 5--10% of strains and implicated in the manifestation of more severe disease.[@cit0012]

Seroepidemiology studies suggest a correlation between higher serum levels of toxin-specific antibodies and favorable clinical outcome.[@cit0018] Therefore, supplementing the antibody repertoire with toxin-neutralizing mAbs is expected to be beneficial for patients with low endogenous levels of such antibodies.

The subunits of leukocidins, the S- and F-components -- secreted individually in inactive forms -- are highly related structurally and share up to 80% amino acid identity, apart from LukGH (\<40%). The bi-component toxin monomers form barrel-like oligomeric pores that resemble those built by Hla monomers in spite of low amino acid sequence conservation (∼25--27%).[@cit0020]

Given the complex pathogenesis of *S. aureus,* mAbs that are able to neutralize several virulence factors implicated in severe disease are likely to be highly beneficial. Here we report the discovery of human mAbs that cross-neutralize Hla and several leukocidins and provide improved potency compared to Hla-specific antibodies in vitro and elicit high levels of protection in murine models of *S. aureus* pneumonia and sepsis.

Results {#s0002}
=======

Selection of Hla and leukocidin cross-reactive human mAbs {#s0002-0001}
---------------------------------------------------------

Based on the amino acid conservation among the bi-component leukocidins and their structural homology with Hla, we hypothesized that mAbs could be identified that would bind to more than one toxin and hence cross-neutralize them ([**Fig. 1**](#f0001){ref-type="fig"}). Figure 1.Sequence homology among staphylococcal cytotoxins. The cartoon depicts the cognate pairs of S- and F-components of bi-component leukocidins. Numbers represent the percent of amino acid identity among S- and F-components and between these components and α-hemolysin (Hla).

Ten recombinant toxin molecules -- Hla, 5 S-components (HlgA, HlgC, LukS, LukE and LukH) and 4 F-components (HlgB, LukF, LukD and LukG) -- were generated based on the genome sequence of the USA300 CA-MRSA strain TCH1516. To ensure high quality and functionality of protein baits used for antibody discovery, toxins were tested for cytolytic activity in in vitro assays. Due to the known species specificity of some of the staphylococcal cytotoxins, in vitro assays employed human cells, in addition to the rabbit red blood cells (RBCs) widely used for testing Hla. Hla activity was determined in assays measuring lysis of human alveolar epithelial cells (A549 cell line) or rabbit RBCs ([**Fig. 2A, D**](#f0002){ref-type="fig"}), while potency of the leukocidins was tested with freshly isolated human polymorphonuclear cells (PMNs) and human or rabbit RBCs ([**Fig. 2B--D**](#f0002){ref-type="fig"}). We observed that the S- and F-components of LukSF, LukED and HlgABC also formed active leukocidins with non-cognate pairing in all 8 possible permutations (data not shown). HlgAB and HlgA-LukD were also highly potent in lysing human RBCs, unlike Hla that is known to have low potency with this cell type ([**Fig. 2C**](#f0002){ref-type="fig"}). Rabbit RBCs were efficiently killed by almost all toxins, except LukSF and LukGH ([**Fig. 2D**](#f0002){ref-type="fig"}). Figure 2.In vitro potency of recombinant *S. aureus* toxins. Cytolytic activity of indicated toxins was measured using (**A**): A549 cells, (**B**): human PMNs, (**C**): human RBCs or (**D**): rabbit RBCs in the indicated concentration range. Error bars indicate mean +/− SEM, n = 2.

Three toxins - Hla, HlgAB and HlgA-LukD - proved to be lethal when administered to mice intravenously in the 0.125--1 μg/mouse dose range. Hla also killed the animals when applied intranasally with a minimal lethal dose of 0.25 μg/animal as a result of massive lung damage (**Fig. S1**).

Due to the well-established dominant role of Hla in *S. aureus* virulence, we initially focused on the identification of highly potent anti-Hla antibodies without regard to their cross-reactivity with S- or F-components. Antibody discovery efforts were based on a library of full-length human IgG1s presented on the surface of yeast cells, according to previously published methods.[@cit0025] MAbs selected with biotinylated Hla from IgG1 libraries and displaying neutralization activity were further optimized for higher affinity in 2 successive selection cycles by introducing diversity into the antibody genes and using decreasing concentrations of Hla. These mAbs reached K~D~ values in the single-digit picomolar range and high neutralization potency (IC~50~ of ∼0.2 mAb:toxin ratio) ([**Fig. 3**](#f0003){ref-type="fig"}). Figure 3.Selection of Hla neutralizing antibodies from human IgG1 libraries expressed by yeast. IgGs obtained in 3 rounds of selection and purified from yeast clones were tested for Hla neutralizing activity in cytolysis assay with human lung epithelial cells (A549). Antibody potency is expressed as mAb:toxin ratio at half maximal inhibition of cell lysis (IC~50~).

To determine whether these Hla-reactive mAbs interacted with bi-component toxins, binding to individual S- and F-components was measured by biolayer interferometry (BLI, fortéBio). A small number of mAbs (mainly in lineage G, [**Fig. 3**](#f0003){ref-type="fig"}) were identified that exhibited cross-reactivity to HlgB, LukD or LukF; however, no binding was detected with S-components or LukGH subunits (data not shown).

Separate selections were also performed using naïve IgG1 libraries with either the S- or the F-components both individually and in an alternating fashion in successive selection rounds. These experiments resulted in numerous mono-specific, double, triple and (in the case of S- components) quadruple cross-reactive S- and F-component specific mAbs. None of the cross-reactive mAbs displayed binding to LukH or LukG. Hla was then introduced in the selections with sub-libraries generated from heavy chains of the cross-reactive clones with new light chain diversity. This resulted in a low number of antibodies with cross-reactivity to HlgB, LukD, LukF and Hla, but not with LukG or any of the S-components.

In an effort to improve the affinity of the cross-reactive mAbs identified by the 2 approaches, complementarity-determining region (CDR)-focused mutagenesis libraries were created and subjected to further rounds of alternating selections with F-components. As a result, several mAbs with improved affinity toward one, 2 or all 3 F-components were generated. Most importantly, these antibodies retained their very high affinity for Hla (K~D~ = \<2--37 pM), while exhibiting high affinity binding to HlgB (K~D~ = \<2--160 pM), LukF (K~D~ = \<3--120 pM), and LukD (K~D~ = 86 pM −2.2 nM) ([**Table 1**](#t0001){ref-type="table"}). Table 1.Binding affinity (Fab K~D~) measured by Meso Scale Discovery (MSD) and *in vitro* neutralization potency of mAbs used in the study     *In vitro* neutralization potency Affinity (MSD Fab K~D~, pM)IC50 expressed as mAb: toxin ratio HlaHlgBLukFLukDHlaHlaHlgCBHlgABLukSFLukEDHlgA-LukDHla LukSF HlgCB HlgAB LukEDHla LukSF HlgCB HlgAB LukEDmAbs    rRBCA549hPMNhRBChPMNhPMNhRBChPMNhRBCHla-F\#12.9^a^5.11202200\<0.25\<0.51.213.57.84.98.23.52.9Hla-F\#237^a^18\< 31700\<0.250.60.76.50.54.87.31.11.6Hla-F\#323^a^140nd86\<0.25\<0.5147.6ndnd0.31.2ndndHla-F\#430^a^160nd160\<0.25\<0.5180.7ndnd0.41.4ndndHla-F\#5\<2^a^, 2.1^b^\< 3\< 3400\< 0.25\< 0.50.75.60.71.03.00.51.1Hla-F\#6\< 2^a^\< 250290\< 0.25\< 0.50.82.82.20.92.30.80.6Hla-F\#7\< 2^a^\< 273780\< 0.25\< 0.50.34.22.72.24.81.20.9Hla40^b^ndndnd\< 0.25\< 0.5ndndndndndndndHlgBnd4.2ndndndnd1.61.6ndndndndndLukDndndnd7.0ndndndndnd0.21.2ndndLukFndnd9000ndndndndnd93.4ndndndnd243-413^b^ndndnd\< 0.25\< 0.5ndndndndndndndLC1013^b^ndndnd\< 0.25\< 0.5ndndndndndndndLTM144.5^b^ndndnd\< 0.25\< 0.5ndndndndndndnd[^1][^2]

Neutralization of recombinant toxins by Hla cross-reactive mAbs {#s0002-0002}
---------------------------------------------------------------

Several Hla-LukF-LukD-HlgB quadruple cross-reactive antibodies were generated that were highly efficient to neutralize Hla in rabbit RBC or human lung epithelial cell lysis assays, to prevent lysis of human phagocytic cells by LukSF, LukED, HlgCB and that of human RBCs by HlgAB and HlgA-LukD ([**Table 1**](#t0001){ref-type="table"}). The potency of these mAbs was not restricted to the 4 cognate toxin pairs but was equally evident against the 8 leukocidins formed by non-cognate pairing (example shown for HlgA-LukD in [**Table 1**](#t0001){ref-type="table"}). Importantly, these mAbs did not display off-target binding demonstrated by lack of polyreactivity or neutralization of an unrelated cytolysin. We found that binding affinity toward the different toxins was highly predictive for toxin neutralizing potency of mAbs ([**Fig. 4A**](#f0004){ref-type="fig"}, [**Table 1**](#t0001){ref-type="table"}). Figure 4.Correlation between affinity and potency of toxin cross-neutralizing mAbs. (**A**): Neutralization potency of toxin cross-reactive mAbs Hla-F\#1-7 was determined with rabbit RBCs for Hla, and with freshly isolated human PMNs for HlgCB, LukED and LukSF and expressed as mAb:toxin ratio at half maximal inhibition of cell lysis (IC~50~). For all toxins the correlation between in vitro potency and affinity was significant based on Pearson\'s correlation coefficient analysis (r \> 0.9, *P* \< 0.005). In vivo potency of mAbs was determined in intravenous challenge of mice with HlgAB (**B**) and HlgA-LukD (**C**) or with intranasal challenge with Hla (**D**). Groups of 5 mice were given 100 μg of indicated mAbs intraperitoneally before challenge with 100% lethal dose of toxins. Fab affinities (K~D~) measured by MSD are indicated.

Next, we investigated the relationship between toxin binding affinity/in vitro neutralization potency and in vivo efficacy in murine toxin challenge models. In these experiments, mAbs were administered intraperitoneally at 100 μg/mouse dose (∼5 mg/kg) 24 h prior to a lethal toxin challenge with HlgAB or HlgA-LukD given intravenously and Hla intranasally. We detected a broad range of protection levels with the Hla - F-component cross-reactive mAbs that correlated well with their affinity and neutralization potency toward HlgB and LukD. MAbs with the best affinity were highly potent in preventing death as efficiently as high affinity HlgB and LukD monospecific antibodies derived from the yeast libraries ([**Fig. 4B, C**](#f0004){ref-type="fig"}). High protection levels were observed in the intranasal lethal Hla challenge model with both the cross-reactive mAbs and a Hla-specific mAb selected from yeast libraries, with all mAbs displaying high affinity for Hla (Fab K~D~ \<2--40 pM) ([**Fig. 4D**](#f0004){ref-type="fig"}). Based on these experiments, we concluded that cross-reactivity of antibodies toward the different toxin molecules was not associated with reduced potency against the individual components, provided that sufficiently high binding affinity was achieved.

The importance of affinity toward HlgB, LukD and LukF was further demonstrated in in vitro assays when cells were intoxicated with a mixture of recombinant leukocidins, added at concentrations able to cause \>80% cell lysis on their own. We observed that antibodies that lacked neutralization activity even against only one of the toxins failed to provide protection against lysis of human PMNs or RBCs, exemplified by mAbs Hla-F\#3 and \#4 that did not bind to LukF and had low affinity toward HlgB ([**Table 1**](#t0001){ref-type="table"}). Three mAbs with the highest overall affinity for F-components, Hla-F\#5, 6 and 7, were found to be the most effective in these assays.

In vitro potency of toxin cross-reactive and Hla-specific mAbs {#s0002-0003}
--------------------------------------------------------------

Three human anti-Hla mAbs have been reported in the literature to be potent in neutralizing Hla and to confer protection against *S. aureus* infections in murine models: 243-4,[@cit0030] LC10[@cit0010] and LTM14.[@cit0011] These mAbs, which were discovered using human B cells, transgenic mouse technology and phage display libraries, respectively, were expressed based on published sequence information to further investigate if the multi-specific anti-toxin mAbs were compromised in their Hla neutralization potency.[@cit0030] All mAbs used in these comparative studies were expressed in mammalian cells, and were comparable based on biochemical assays testing for purity, solubility and stability. The binding affinities of the LC10, LTM14 and 243-4 mAbs for Hla were in the low picomolar range (K~D~ = 4.5--13 pM), which were comparable to the K~D~ values measured with Hla--leukocidin cross-reactive mAbs (K~D~ = \<2--37 pM). The K~D~ values measured with the LTM14 and LC10 mAbs expressed in our laboratory are in good agreement with those published by others (1.7 and 10 pM, respectively).[@cit0011] None of the 3 anti-Hla mAbs displayed any detectable binding to F- or S-components and consequently had no neutralizing activity against the recombinant leukocidins ([**Table 1**](#t0001){ref-type="table"}). The Hla neutralization potencies of the 2 types of antibodies were very comparable as measured either using purified Hla with rabbit RBCs or A549 cells ([**Table 1**](#t0001){ref-type="table"}) or bacterial culture supernatants of the *S. aureus* TCH1516 strain, with the latter cell type being sensitive only to Hla but not to leukocidins ([**Fig. 5A**](#f0005){ref-type="fig"}). Lysis of human RBCs and human PMNs induced by bacterial culture supernatants could only be prevented by Hla-leukocidin cross-reactive mAbs ([**Fig. 5B, C**](#f0005){ref-type="fig"}). Superior potency of cross-reactive mAbs was also observed when rabbit RBCs - sensitive to HlgAB, HlgCB, LukED, HlgA-LukD in addition to Hla - were intoxicated with different concentrations of bacterial culture supernatant of the TCH1516 strain. At low concentrations, all antibodies were equally effective, while at higher concentrations the Hla-specific mAbs were only partially or not protective, due to the increasing amounts of bi-component toxins ([**Fig. 5D--F**](#f0005){ref-type="fig"}). The major contribution of the bi-component toxins to cell lysis in these assays, as well as the comparable Hla-neutralizing efficacy of the different antibodies were further demonstrated by using an isogenic TCH1516 mutant strain that lacks expression of all bi-component toxins due to targeted gene deletions ([**Fig. 5G**](#f0005){ref-type="fig"}). Figure 5.Inhibition of native cytolysins with toxin cross-reactive and Hla-specific mAbs. Target cells were intoxicated with sterile filtered bacterial culture supernatants (CS) after pre-incubation with Hla-F\#5 cross-reactive and indicated Hla-specific mAbs. (**A**): Human lung epithelial cells (A549) with CS from TCH1516 strain; (**B**): human RBCs with CS from Newman strain; (**C**): human PMNs with CS from TCH1516ΔlukGH strain. (**D--G**): rabbit RBCs with CS from TCH1516 strain at 17.5×, 7.5× and 2.5× dilutions (**D**, **E** and **F**, respectively) and with CS from the TCH1516ΔhlgABCΔlukEDΔlukSFΔlukGH strain at 4× dilution. Inhibition of supernatant cytotoxicity by mAbs was measured by determining cell viability or hemolysis in case of RBCs. Error bars represent SD, n = 3.

Toxin binding site of cross-reactive mAbs {#s0002-0004}
-----------------------------------------

Epitope binning performed with BLI revealed that all Hla - F-component cross-reactive mAbs competed with each other, suggesting that they bind to the same region of Hla ([**Fig. 6A**](#f0006){ref-type="fig"}). A representative toxin cross-reactive antibody, Hla-F\#5 competed very well with the LC10 Hla-specific mAb, but not with the LTM14 and 243-4 Hla mAbs ([**Fig. 6B**](#f0006){ref-type="fig"}). The latter 2 competed with each other for Hla binding. Based on these results there are 2 distinct binding regions of the Hla-reactive antibodies analyzed in this study. For LC10 and LTM14, the X-ray crystal structure of the Fab-Hla complexes have been determined and revealed that both mAbs recognize the rim domain of Hla involved in cell binding, but in distinct regions without amino acid overlap in the contact residues (recapitulated in [**Fig. 6C**](#f0006){ref-type="fig"}).[@cit0012] This is consistent with our finding that these 2 mAbs did not compete with each other. Figure 6.Delineating toxin binding sites of mAbs by competition studies. Binning of antibodies was performed by BLI/fortéBio by coating anti-human capture sensors with "1st mAbs,\" followed by addition of Hla; antibody competition was assessed by detecting binding of indicated "2nd mAbs" (**A**, **B**). (**A**): 1^st^ mAb: Hla-F\#5, 2nd mAbs as indicated. (**B**): 1st and 2nd mAbs as indicated. (**C**): The epitopes of LC10 and LTM14 mAbs are shown in orange and blue, respectively, based on published data in the Hla structural model, shown in green.[@cit0011]

To further delineate the binding epitope of the cross-reactive mAbs to the F- components, we analyzed sequence conservation among the cytotoxins. 68% of the amino acid residues of LukF are identical in LukD and HlgB, many of these are surface exposed based on the X-ray crystal structure of LukF, but only 1/3 of these are conserved in Hla ([**Fig. 7A**](#f0007){ref-type="fig"}).[@cit0023] The largest patch of surface-located amino acid residues conserved among Hla, LukF, LukD and HlgB, but not with LukG or the S-components, of the TCH1516 strain can be found in the rim domain of Hla in the LC10 epitope region. Analysis of the toxin sequences available in public data bases revealed that none of the - otherwise few - amino acid polymorphisms detected in more than 200 *S. aureus* genomes was located in this conserved surface patch (**Fig. S2**). Figure 7.Binding epitope of Hla -- F-component cross-reactive mAbs. (**A**): Conserved amino acids among LukF, HlgB and LukD are indicated in black on the LukF crystal structure (PDB entry: 1PVL) shown in blue (upper panel). Amino acids conserved between the 3 F-components and Hla are indicated in black on the structural model of Hla monomer, shown in green (lower panel). (**B**): Sequence alignment of Hla and the F-components for the region of the rim domain showing the highest homology; identical amino acids in white, phosphocholine (PC)-binding residues in red; amino acids of the circled area of lower panel in **A** are shown in bold and starred. (**C**): Amino acids forming the PC-binding pocket are shown in purple in the LukF structure. (**D**): PC-binding to F-components was measured by BLI in the presence or absence of Hla-F\#5 and HlgB-, LukD- or LukF-specific mAbs. HlgA was used as negative control for PC-binding.

This conserved region encompasses the phosphocholine (PC)-binding pocket that was shown to be essential for binding and functional pore formation by Hla and F-components ([**Fig. 7B, C**](#f0007){ref-type="fig"}).[@cit0020] In a BLI-based assay, we detected binding of PC to F-components, but not to HlgA that lacks PC-binding activity, that was inhibited in the presence of Hla-F\#5 ([**Fig. 7D**](#f0007){ref-type="fig"}). Interestingly, the LukF, HlgB and LukD specific mAbs also interfered with binding to PC. These data suggest that the PC-binding region of the cell binding domain of cytotoxins is a hot-spot for neutralizing antibodies.

Based on the localization of the epitope, we hypothesized that the mode of action of the neutralizing antibodies is inhibition of toxin binding to target cells. We tested this by measuring cell binding of biotinylated Hla to A549 cells or HlgAB, HlgCB, LukED and LukSF to human PMNs using flow cytometry. For the bi-component toxins we used an equimolar mixture of unlabeled S-components and biotinylated F-components. Target cell binding was detected using fluorescently labeled Streptavidin. All the Hla-specific mAbs and the cross-reactive Hla-F\#5 mAb were able to block Hla binding to A549 cells. In line with the antigen binding and neutralization data, the Hla-F\#5 mAb could also inhibit the binding of the bi-component toxins to PMNs (**Fig. S3**).

In vivo efficacy of Hla-F component cross-reactive mAb {#s0002-0005}
------------------------------------------------------

Protective efficacy of the Hla-F\#5 mAb was evaluated in murine models of *S. aureus* pneumonia and bacteremia/sepsis. Infections were induced by intranasal or intravenous challenge with lethal doses of the USA300 CA-MRSA TCH1516 strain 24 hours following passive immunization with 100 μg of mAb (∼5 mg/kg) via the intraperitoneal route. In the stringent pneumonia model, most control mice died within 24 hours following challenge, while in the bacteremia/sepsis model death was not immediate and mainly occurred between day 2 and 5. Animals treated prophylactically with Hla-F\#5 mostly survived the lethal challenge in both models (*P* \< 0.0001) ([**Fig. 8A, B**](#f0008){ref-type="fig"}). Figure 8.Efficacy of an Hla bi-component toxin cross-neutralizing mAb in murine bacterial challenge models. (**A, B**): Mice were treated with 100 μg of Hla-F\#5 mAb intraperitonally 24 h prior to bacterial challenge. Animals were challenged with the TCH1516 USA300 CA-MRSA strain with 6×10^8^ cfu dose intranasally (**A**) or 5 × 10^7^ cfu intravenously (**B**). (**C**): Mice were treated with 50 μg (∼2.5 mg/kg) Hla-F\#5 and/or 20 μg (∼1 mg/kg) linezolid or both 2 hours post i.n. challenge with 6×10^8^ cfu TCH1516. Control mice received isotype-matched irrelevant mAb or vehicle (PBS). Data are derived from 3, 3 and 2 independent experiments for **A**, **B**, and **C**, respectively, each with 5 mice/group. Survival curves were statistically compared by the Log-rank (Mantel-Cox) test. (**C**): All groups were statistically significant compared to the control mAb: Hla-F\#5 mAb + linezolid, *P* \< 0.0001; Hla-F\#5 mAb alone, p = 0.0014; control mAb + linezolid, p = 0.0293. The combination of Hla-F\#15 mAb + linezolid was also statistically significant versus control mAb + linezolid treatment, p = 0.0223.

Next, we tested this antibody for its ability to enhance therapeutic efficacy of an antibiotic that is clinically relevant in the treatment of MRSA infections. In preliminary experiments, we determined the approximately 50% protective dose of linezolid (20 μg per animal, ∼1 mg/kg; single dose) and Hla-F\#5 (50 μg, ∼2.5 mg/kg) when given 2 hours after the intranasal lethal bacterial challenge (data not shown). We found that combined treatment with Hla-F\#5 and linezolid was significantly more effective than linezolid alone ([**Fig. 8C**](#f0008){ref-type="fig"}).

Discussion {#s0003}
==========

In this study, using yeast surface displayed IgG1 libraries we generated unique human mAbs that bind 4 different toxin molecules of *S. aureus* with high affinity: α-hemolysin and 3 F-components of the bi-component leukocidins HlgABC, LukED and LukSF. It is a rather surprising finding given the low amino acid homology between Hla and the bi-component toxins. Importantly, this multi-specific binding leads to inhibition of cytotoxic activity of the corresponding toxin molecules, with potencies that are not inferior to those observed with monospecific antibodies. Binding affinities for the individual toxins were highly predictive for neutralization potency and efficacy, similarly to other toxin neutralizing antibodies; one of the best examples is the anthrax toxin neutralizing mAbs described by Maynard et al.[@cit0039]

Antigen binding competition studies with anti-Hla mAbs with defined epitope specificity suggested that the Hla -- F-component cross-reactive mAbs bind to the part of the cell binding (rim) domain of Hla that encompasses a micro-domain that represents the most conserved region between Hla and F-components and is also fully conserved among different *S. aureus* strains. This micro-domain binds PC present in cell membranes and is crucial for toxin function.[@cit0020] The loss of PC binding to the F-component toxins in the presence of Hla-F-component cross-reactive mAb confirmed that the epitope is located in this region. The lack of cross-reactivity of the Hla-specific LC10 mAb with any F-component toxins, despite sharing the binding region with Hla-F\#5, suggests that the respective epitopes are distinct. Based on the recently published study that delineated the exact contact sites of LC10 Fab with Hla[@cit0033] and sequence alignment of Hla with the F-component toxin monomers, 8 of 15 contact residues between LC10 and Hla are not conserved between Hla and HlgB, LukD and LukF, including the strong ionic interaction between Lys266 in Hla and Asp93 from LC10 light chain. X-ray crystal structure analysis to determine the exact epitope of Hla-F\#5 is ongoing.

We determined that the Hla cross-reactive mAbs inhibited the binding of both Hla and bi-component toxins to their target cells. Moreover, all Hla-specific mAbs we tested had the same inhibitory effect on Hla binding to human alveolar epithelial cells. The same finding was reported with LTM14.[@cit0011] Previously, it was shown that LC10 did not prevent binding of Hla to rabbit RBC ghosts;[@cit0040] however, in a recent study with LC10, binding inhibition was seen when human target cells were used.[@cit0033]

The key to the generation of broadly cross-reactive antibodies was the combination of employing high diversity human IgG libraries, specifically looking for cross-reactive binders, successive screening of diversified sub-libraries with highly functional, correctly folded native antigens and evaluation of antibody function in a series of predictive in vitro assays. Quadruple toxin cross-reactive antibodies were reported before, generated against 4 different serotypes of botulinum toxin that share as low as 36% overall amino acid identity.[@cit0041] These antibodies were derived from B cells of immunized humans and mice and optimized for high affinity and broad binding specificity with yeast-displayed scFv libraries. Similarly to the antibodies described in this study, the botulinum toxin cross-neutralizing antibodies also targeted an epitope that is well conserved among the different toxin types and important for toxin function.[@cit0041]

The functional consequence of multi-specific binding of the Hla -- bi-component toxin cross-reactive antibodies is the simultaneous inhibition of several virulence mechanisms of *S. aureus*. We found that a single Hla-LukF-LukD-HlgB cross-reactive mAb was able to inhibit lysis of epithelial cells by α-hemolysin, destruction of phagocytic cells by the bi-component cytolysins and lysis of human red blood cells by HlgAB and HlgA-LukD in in vitro assays (summarized in [**Fig. 9**](#f0009){ref-type="fig"}). Due to the complementary and redundant role of cytotoxins in the complex pathogenesis of *S. aureus*, inactivation of the major cytolysins is likely to be required for efficacious intervention by antibodies.[@cit0004] Figure 9.A single toxin cross-reactive mAb inactivates multiple *S. aureus* virulence mechanisms. The drawing depicts the major finding of this work. A single monoclonal antibody that binds to 4 different toxin molecules can prevent lysis of multiple human cells targeted by α-hemolysin (α) and bi-component leukocidins formed by cognate and non-cognate pairing with HlgA (A), HlgC (C), HlgB (B), LukS (S), LukF (F), LukE (E) and LukD (D).

We demonstrated that passive immunization with Hla-F-component toxin cross-reactive antibody used at a relatively low dose (∼5 mg/kg) was able to prevent lethal pneumonia and sepsis induced by a USA300 CA-MRSA strain. The mAb also showed therapeutic effect when administered 2 hours post intranasal challenge, and synergized with an anti-MRSA antibiotic, linezolid. Others have also reported the therapeutic efficacy of α-hemolysin antibodies in mice infected with MRSA strains, alone or in combination with antibiotics.[@cit0010] We did not, however, observe consistent and significant effect on bacterial load (tested so far only in the pneumonia model) with mAb treatment using BALB/c mice and the TCH1516 strain (unpublished observation). Therefore, we conclude that, at least in the pneumonia model, the protective effect seems to be the prevention of tissue damage. Other groups observed moderate reduction in bacterial load (∼1 log) in the lung with Hla-specific mAbs, polyclonal immune sera or vaccination with Hla. Interestingly, all these experiments were performed with the C57BL/6J mouse strain, suggesting that genetic background or susceptibility to *S. aureus* infections might explain this discrepancy.[@cit0007]

Pathogenesis of *S. aureus* infections in mice is mainly driven by Hla, since hla deficient strains are non-lethal or require significantly higher doses than wild type strains to cause lethality. The role of bi-component toxins in murine models is less clear. Deletion of the hlgABC operon in the USA300 CA-MRSA LAC strain was shown to have a moderate and transient effect on bacterial load upon intravenous challenge, but no influence on lethality.[@cit0043] However, hlgABC and lukED deletion mutant Newman strains displayed greatly reduced virulence in lethal bacteremia/sepsis models.[@cit0016] It is an interesting observation in this context that the MSSA Newman strain produces less Hla and more bi-component toxins in vitro compared to the TCH1516 strain based on comparative immunoblot studies (unpublished observation). Therefore, it is necessary to test different *S. aureus* strains to assess the involvement of HlgABC and LukED and the potential beneficial effects of neutralizing multiple cytotoxins. LukSF has no lytic activity toward murine cells.[@cit0012] However, in the rabbit necrotizing pneumonia model, LukSF, similarly to Hla, was shown to greatly contribute to *S. aureus* pathogenesis.[@cit0045] Therefore, it is a suitable model to evaluate the effect of simultaneous inhibition of *S. aureus* cytotoxins.

It is highly relevant for *S. aureus* as a major nosocomial pathogen that several antibiotics have been shown to increase toxin production in vitro and in vivo; therefore, toxin neutralizing antibodies may prove useful as adjunct therapy to antibiotics.[@cit0046]

*S. aureus* is well-known for its complex pathomechanism, which necessitates a multi-target approach for prophylaxis or therapy. Although the contribution of Hla and in particular the bi-component toxins to human *S. aureus* infections has not yet been elucidated, based on the potent cytolytic effects toward human cells, it is reasonable to assume that a multi-potency antibody deactivating 5 potent cytolysins might be beneficial in a clinical setting.

Materials and Methods {#s0004}
=====================

Bacterial strains, culture supernatants {#s0004-0001}
---------------------------------------

The TCH1516 USA300 CA-MRSA strain (ATCC® BAA-1717^TM^) was obtained from ATCC. The Newman MSSA strain was kindly provided by Claire Poyart (Cochin Hospital, Paris). The isogenic mutant strains lacking *lukGH* or *hlgABC, lukED, lukSF* and *lukGH* were generated in the TCH1516 background with homologous recombination based on previously published methods using gene specific primer pairs and the pKFT gene-deletion vector.[@cit0049]

Generation of recombinant toxins {#s0004-0002}
--------------------------------

The genes for Hla and the S- and F-components were derived from the TCH1516 strain, expressed in *E. coli* and purified to \> 95% purity (details in the Supplemental Material).

In vitro assays to measure toxin mediated cell lysis {#s0004-0003}
----------------------------------------------------

Hla or equimolar mixtures of the F- and S-components were used for intoxication of cells. Toxin potency was assessed by measuring cellular ATP levels with Cell Titer-Glo® Luminescent Cell Viability Assay Kit (Promega) or by determining hemolysis activity with red blood cells. For Hla, 2 different in vitro assays were performed using either the human alveolar epithelial cell line A549 or rabbit red blood cells. A549 cells were seeded 12--16 h before the cytotoxicity assays were performed, at a density of 2×10[@cit0004] cells per well in F12K medium (Gibco, USA) supplemented with 10% FCS, in 96-well plates. Cells were intoxicated for 6 hours at 37°C. Red blood cells were purified from rabbit EDTA-whole blood (New Zealand White Rabbits) or heparinized human blood (from the Austrian Red Cross) diluted 1:1 with PBS without Ca^2+^/Mg^2+^. Hemolysis assays were performed with 5×10^7^ RBCs for 1 h at 37°C. To measure leukocidal activity of bi-component toxins, PMNs were isolated from heparinized fresh human blood, obtained from the Austrian Red Cross using a Percoll gradient. 2.5×10^4^ cells/well re-suspended in RPMI 1640 supplemented with 10% FCS, 2 mM [L]{.smallcaps}-Glutamine and penicillin/streptomycin were used for intoxication with toxin for 4 h at 37°C. Culture supernatants were used at concentrations that caused complete cell lysis in the absence of antibodies.

Selection of monoclonal antibodies {#s0004-0004}
----------------------------------

Toxin-specific antibodies were isolated from a full-length human IgG1 antibody library using an in vitro yeast selection system and associated methods.[@cit0025] Toxin-binding mAbs were enriched by incubating biotin labeled Hla or leukocidin monomers with antibody expressing yeast cells at different concentrations followed by magnetic bead selection (Miltenyi, Biotec) and fluorescence-activated cell sorting on a FACSAria II cell sorter (BD Biosciences) employing streptavidin secondary reagents in several successive selection rounds. After the last round of enrichment, yeast cells were sorted and plated onto agar plates, clones were analyzed by DNA sequencing and used for IgG production. Optimization of antibodies for higher affinity was performed in successive cycles of selection rounds using lower concentrations of toxin baits with sub-libraries generated by light chain shuffling, targeted mutagenesis of CDR1 and CDR2 of heavy chains and ePCR of the variable region of the heavy or light chain. Cross-reactive antibodies were also selected by alternating the different toxin molecules for successive yeast cell selection rounds.

Generation of purified antibodies {#s0004-0005}
---------------------------------

Antibodies derived from the yeast library were produced either by selected yeast clones, or by FreeStyle™ 293F (Invitrogen/Life Technologies) or CHO-3E7 (Biotechnology Research Institute, Canada) cells transiently transfected with vector plasmids encoding human antibody (IgG1) heavy and light chains using mammalian expression vectors pTT5 (Biotechnology Research Institute, Canada) using PEI MAX™ transfection reagent (Polysciences). Yeast-produced antibodies were used in screening experiments and for the in vivo toxin challenge studies. The LC10, LTM14 and 243-4 mAbs were expressed in the mammalian cell expression systems. Supernatants were harvested 8 days after transfection. IgGs were purified by Protein A affinity chromatography and eluted under the same conditions. Based on a series of biochemical characterization, such as size exclusion chromatography to determine solubility (monomeric content, \> 95%), SDS-PAGE to determine purity and integrity, all mAbs produced in mammalian cells were comparable. Antibody concentrations were determined from the absorption at 280 nm.

Determining cross-reactivity and binding affinity of mAbs {#s0004-0006}
---------------------------------------------------------

Binding of IgGs to the different toxins was determined by BLI measurements using a fortèBio Octet Red96 instrument (Pall Life Sciences). The biotinylated antigen or the antibody was immobilized on the sensor (streptavidin or AHC \[anti-human capture\], respectively, Pall Life Sciences) and the association and dissociation of the antibody or of the antigen, respectively, were measured, and data were analyzed using the ForteBio Data Analysis Software 7. Fab K~D~ values were measured by MSD (Meso Scale Discovery) method using a Sector Imager 2400 instrument as described previously.[@cit0051]

Determining toxin neutralizing activity of antibodies {#s0004-0007}
-----------------------------------------------------

MAbs were serially diluted in assay medium and mixed with toxins or bacterial culture supernatants at fixed concentrations, determined to result in at least 80% cell lysis. MAbs and antibodies were pre-incubated for 30 min prior to addition to the target cells. % inhibition of toxin activity was calculated using the following formula: % inhibition = \[(normal activity - inhibited activity) / (normal activity)\] × 100. A human IgG1 control mAb generated against an irrelevant antigen and expressed by yeast or mammalian cells was included in all assays.

Epitope binning and binding inhibition by phosphocholine {#s0004-0008}
--------------------------------------------------------

The structural models of the Hla and LukD monomers were generated with SWIS-MODEL using 1PVL as template.[@cit0052] Competition between the Hla mAbs was studied by BLI, using the fortèBio Octet instrument. The first antibody was loaded onto AHC sensors and the un-occupied Fc binding sites on the sensors were blocked with human IgG. Then the sensors were exposed to toxin molecules (300 nM in PBS with 1% BSA), followed by addition of the second antibody (67 nM); the responses for the second antibody binding were measured. Binding of PC to the toxins in presence and absence of antibody was quantified by fortéBio by immobilizing biotinylated toxins on streptavidin sensors, followed by exposing the sensors either to the mAb (300 nM) or to buffer, and subsequently to a PC-BSA conjugate (1 μM, PC4-BSA, Biosearch Technologies) diluted in PBS with 1% BSA.

Inhibition of toxin binding {#s0004-0009}
---------------------------

Biotinylated Hla or biotinylated F-components mixed with non-biotinylated S-components (60 nM), were pre-incubated with a 5-fold molar excess of mAbs for 30 min at RT prior to incubation with 1×10^6^ A549 cells or PMNs, respectively for 30 min on ice. After washing the cells in HBSS, cell-bound toxins were detected with Alexa488 labeled Streptavidin (Molecular Probes), and analyzed by flow cytometry. Toxin binding is expressed as median fluorescent intensity. Samples stained with secondary reagent only (staining control) and cells incubated with toxin and negative control antibody were included in all experiments.

Animal experiments {#s0004-0010}
------------------

All animal experiments were performed according to Austrian Law (BGB1 Nr. 501/1989, approved by MA58, Vienna). In all experiments, female 6--8 week old BALB/cJRj mice were used (Janvier), 5 mice/group in each experiment. Animals were anesthetized prior to intranasal challenge with intraperitoneal injection of ketamine and xylazine. Statistical analysis was performed by analysis of survival curves by the Logrank (Mantel-Cox) test using GraphPad Prism 5.04 Software. Toxins were applied in 100 μl for intravenous challenge and in 40 μl for intranasal challenge. Minimal lethal doses were determined in experiments using serial dilutions of toxins in the 0.125 to 2 μg range.

For bacterial challenge experiments *S. aureus* TCH1516 (USA300 CA-MRSA) strain was grown to mid log phase (OD~600~ of 0.5) in tryptic soy broth and diluted to 5×10^8^ cfu/ml for intravenous injection (100 μl, 5 × 10^7^ cfu challenge dose) or to 1.5×10^10^ cfu/ml for intranasal application (40 μl, 6×10^8^ cfu challenge dose).

Prophylactic immunization was performed via intraperitoneal injection of 100 μg (∼5 mg/kg) of mAb diluted in 500 μl PBS 24 h prior to the lethal challenge by toxins or bacteria. In the therapeutic setting, passive immunization and antibiotic treatment was performed 2 hours post challenge. MAbs (50 μg in 500 μl PBS) were applied intraperitoneally, whereas linezolid treatment (1 mg/kg in 100 μl) was given subcutaneously. Linezolid was dissolved in hydroxypropyl-β-cyclodextrin to a concentration of 1 mg/ml. Control groups received either PBS or isotype matched (IgG1) irrelevant mAb.
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[^1]: nd: not detectable

[^2]: ^a^ K~D~ values of yeast produced mAbs measured in the same assay (fitted antigen concentrations between 20 and 30 nM were used to calculate lower K~D~ limits (10% of the antigen concentration); ^b^ K~D~ values of mammalian cell produced mAbs measured in the same assay at 20 pM antigen concentration (K~D~ limit ∼ 2 pM). 95% confidence intervals of the predicted K~D~s are typically within two fold or less from the fitted K~D~ values reported here.
